Abstract Ecological momentary assessment (EMA) methods for the capture of real-world data in real time have seen significant advances, both in popularity and application, over the past few years. As a research methodology, EMA offers considerable advantages and has proven to be particularly suited to the study of substance dependence research. Using EMA, research participants can record information about events, symptoms, situations, thoughts, feelings, and behaviors as they occur. Moreover, when used in concert with other technologies, such as geospatial software, EMA becomes a tool with which researchers can gather rich data about individuals' daily lives. This review aims to introduce the reader to EMA and to the rationale behind its use. We discuss the applications for which EMA can be used, and the many advantages they offer, with a particular focus on the study of smoking behaviors.
Introduction
Assessment of smoking behavior often requires detailed knowledge of an individual's patterns of smoking, including the relationship between smoking and situational factors. Ecological momentary assessment (EMA) often uses modern technology to accomplish this goal. EMA refers to the repeated collection of data in the daily life of study participants. Individuals record momentary or "real-time", information about events, symptoms, situations, thoughts, feelings, and behaviors within the environments in which they naturally occur [1, 2] ; this provides researchers with self-reported data that not only overcome some of the recall problems that plague data that is recorded retrospectively, but also enable exploration of the role of environmental context in influencing a person's experience and behavior. Furthermore, EMA enables participants to record events as they unfold over time, providing researchers with insight into the temporal resolution of dynamic processes that may be unavailable using alternative methods [3] .
EMA methods have been extensively and successfully applied to the study of smoking behavior. A search of published studies found 239 EMA articles relating to smoking in the last decade alone, 123 of which were published in the last 3 years. These studies have helped to elucidate the role of social and situational factors in maintaining smoking and as precipitating factors in smoking cessation failure. EMA studies have allowed researchers to study the process of quitting smoking in detail, leading to both a better understanding of how and why attempts to quit fail, and to the improvement of quitting methods and techniques.
The purpose of this paper is to review recent advances in the study of health behaviors to provide an introduction to EMA with a particular emphasis on its utility as a research methodology for the study of smoking behaviors. In addition, it briefly reviews the various technologies associated with EMA-based research as well as the considerations researchers must make when designing EMA protocols.
Background
The term EMA was coined in 1994 [1] , however, research that would now be recognized as EMA has been undertaken for considerably longer within a range of social research disciplines. For example, up until the 1980s, paper-and-pencil diaries were used to record all manner of phenomena, including daily reports of disease symptoms, medication intake, health behaviors, or general well being. A major change that has occurred within the last two decades, however, has been the increased availability of handheld electronic technologies (i.e., PDAs, smartphones, tablets) that are now commonly used in EMA research to collect data and monitor participants. This advance in technology, and the development of conceptual frameworks and analytic methods for such data, significantly advanced the popularity and utility of EMA methods.
Research methods that are today termed "EMA" share a number of common features. Specifically, assessments are completed in real time (momentary), on multiple occasions (repetitive), and within the environment in which they naturally occur [2] . Typically, EMA designs sample "moments" throughout participants' day-to-day lives, often on the basis of random or regularly occurring schedules, by way of surveys or diary entries administered via handheld computers or smartphones [2] . In addition, EMA is also used, often concurrently, to sample targeted events of interest, such as the smoking of a cigarette [2] . While EMA studies may differ wildly in terms of design, all are momentary, repetitive, and completed within the participant's natural environment.
Advantages of EMA
EMA methods grew from the need for an assessment tool that could overcome the failings of many existing data collection techniques, such as recall biases in retrospective studies, and the artificial nature of laboratory studies. Thus, EMA offers a number of advantages over alternate methodologies. Firstly, assessments are "ecological" because data are recorded in the participants' natural environments, rather than in a laboratory setting where social and environmental contexts that affect people's experiences and behaviors are absent. Indeed, many behavioral events simply cannot be simulated in a laboratory setting [e.g., 4]. Consequently, researchers may be confident that their findings reflect what is happening in participants' everyday life [2] . For example, in a study examining self-control during craving episodes among smokers, Berkman, Falk, and Lieberman [5•] used EMA in conjunction with functional neuroimaging and were able to show that neurocognitive data collected in the laboratory relate to real-world instances of self-control. This study not only shows a way of linking behavioral observations with neuroscience research but also provides important evidence for the ecological validity of brain imaging data.
EMA methods are also "momentary;" data pertaining to variables of interest is collected in the moment in which it is experienced, rather than being recorded at a later time. These momentary assessments are also completed multiple times within a period, allowing the researcher to track behaviors or experiences across time and contexts. The key concept underlying EMA is that it can sample dynamic processes as they proceed through their "life cycle," providing insight into the antecedents and consequences of events, behaviors, and experiences.
Perhaps the most important benefit of momentary assessment is that, by collecting data when the target event occurs, problems with memory recall and bias are minimized [2-4, 5•, 6] . Retrospective reports, completed even a few minutes after target events, may be inaccurate and prone to biases that are influenced by personal history, context, and the person's mental state when giving their report [e.g., [7] [8] [9] . EMA provides insights into experience in the moment, whereas retrospective self-reports provide insights into how the individual constructs, or reconstructs, inevitably biased memories and meanings about experiences, see also [6, 7] . EMA is, therefore, particularly suited to learning about individuals as they respond to their environment moment-by-moment [7] .
In summary, EMA offers three main advantages. Firstly, it enables the researcher to study within-individual processes as they unfold in the participants' normal environment, yielding ecologically valid data. Further, repeated measures provide a greater understanding of the natural history of the target process(es) than would otherwise be available, and the resulting data allows for both descriptive and causal analyses. Finally, data are recorded in near-real time, overcoming the disadvantages of retrospective methods, particularly memory bias.
Applications
EMA has been used to study a variety of research questions across a number of disciplines. The common factor being that they involve the assessment of within-individual dynamic processes, such as the frequent, within-daily variations in measurable phenomena that often occur in the study of behaviors (e.g., smoking cessation). The following section will review some of the major applications of EMA in health and social behavioral research, with specific attention to their utility in the study of smoking behaviors.
Temporal Sequences EMA has great utility as a means of exploring the temporal sequences behind events; that is, the manner in which events unfold over time and context [for different conceptualizations of time within the EMA framework, see 10]. Moreover, EMA can uncover the dynamic relationships that exist between variables and their antecedents, which are difficult to detect if measurements are made only a few times. This is particularly valuable for the development of improved treatment options. In a prospective study exploring the temporal effects of stress and negative effect on smoking lapses, Shiffman and Waters [11] collected real-time data on over 100 lapse episodes. With repeated real-time measurements before an actual lapse occurred, the authors were able to show that sudden stressors were better predictors of smoking lapses than longer-lasting background stress. In a similar manner, Ferguson and Shiffman [12•] showed that negative affect was increasing in the hours preceding a smoking lapse episode. Thus, as demonstrated in these studies, EMA can be a highly useful tool for understanding the temporal relationships that exist between variables of interest.
Contextual Associations
An individual's behavior is influenced by the interplay that occurs between environmental and contextual factors [13] . EMA is able to capture these interactions in a way that laboratory-based research cannot, because data are collected in the participant's natural environment. It is for this reason that EMA lends itself particularly well to the study of substance use and dependence: Events such as relapse can be assessed with a degree of accuracy and a depth of detail that was previously unattainable. Moreover, by repeatedly sampling variables of interest within individuals and over time, EMA can be used to demonstrate the moment-by-moment changes that occur in an individual's behavior in response to contextual factors. Shiffman and colleagues [14] , for instance, observed that exposure to environmental stimuli, such as alcohol or the presence of other smokers, as well as negative affect states, significantly increased the momentary risk of relapse during quit attempts. Likewise, Piasecki et al. [15] showed that alcohol use affects positive reinforcement ratings of subsequently smoked cigarettes. In a similar way, daily hassles were shown to be yet another important contextual factor predicting craving in smokers [16] . In this manner, EMA methods can be used to understand the role of context with a degree of detail that is otherwise unattainable.
Within-Individual Change
A fundamental premise underlying EMA research is that many behavioral processes are subject to within-individual variability and cannot be generalized from means derived at the population level [2, 17, 18] . To truly understand withinindividual change, the researcher needs assessment methods that obtain accurate moment-by-moment within-individual data, rather than seeking to make assessments based upon large samples of individuals. Because EMA methods repetitively sample variables of interest over time, multiple data points (often hundreds or more) are collected for each individual. Hedeker, Mermelstein, and Demirtas [19] demonstrated different research questions that can be addressed by looking at between-and/or within-subjects analyses of affect among smokers and non-smokers.
Differences in behavioral determinants (e.g., effect, attention) between individuals do not necessarily reflect variations within individuals. For example, Waters et al. [20] showed that attentional bias toward smoking cues was related to higher craving on the between-subjects level; however, this effect was not found on the within-subjects level: Instances where an individual's attentional bias was higher than the individual's average bias score were not related to higherthan-average cravings for the individual. This contradicts theoretical models which assume that higher attentional bias goes along with higher cravings. The authors suggest that this may have important implications for treatments: While treatments that reduce attentional bias may reduce craving in smokers who generally exhibit a high attentional bias, this might not be the case in episodes where the smoker exhibits a bias that is higher than usual. Such conclusions can only be reached when looking at within-subjects variations using multilevel modeling, and this is only possible with a potentially large amount of repeated measurements.
Natural History EMA provides a useful means of obtaining longitudinal data. Long-term laboratory-based research is often impractical while, as previously discussed, retrospectively attained data is likely to be subject to bias and error. EMA is perfectly suited to longer-term data collection within a participant's natural environment. This is particularly useful when studying withdrawal symptoms over time [e.g., 21], effects and mechanisms of treatments [e.g., 22], or patterns of smoking over time [23•] . The latter study [23•] , for example, used EMA methods to explore smoking patterns over the course of 3 weeks and, in particular, the role that environmental cues play in prompting smoking (stimulus control). Typically, stimulus control is explored in tightly controlled laboratory settings; but such studies suffer from limitations related to the artificial nature of laboratory settings (e.g., ecological validity).
Intervention
Recently, there has been an interest in using EMA not only to assess momentary experience, but also to influence change in the participant through generic motivational messages or, more recently, tailored interventions that respond to the individual's circumstances. For example, Wetter and colleagues [24] used palmtop computers to assess different dimensions of high-risk relapse situations and subsequently delivered individualized, context-specific coping strategies in addition to general quit smoking information and strategies as well as motivational messages. Thus, EMA is demonstrating its potential to become an active health intervention tool that combines assessment and treatment to respond to individual participants' contexts, activities, and moods [for a review, see 25] .
In summary, EMA is an indispensible data collection tool when trying to answer research questions regarding temporal sequences, contextual associations, and how the individual changes over time. These questions would be difficult, if not impossible to study using other, more traditional forms of data collection.
Assessment Methods and Considerations
EMA aims to produce reliable data that is representative of participants' daily lives. Like any other research methodology, EMA protocols must be carefully designed to ensure they will address the research questions and hypotheses by gathering reliable data, in the right quantity and frequency, and without placing an undue burden upon research participants. This section provides examples of EMA technologies, with special attention to the electronic devices and software that have become prevalent in EMA studies. It then examines the growing versatility of EMA methods, and the huge variety of data that are now possible to collect in this manner. Finally, it discusses issues that researchers need to take into consideration when designing EMA protocols.
Novel Technologies and Assessment Methods
Intensive daily assessment can be done via a diverse range of technologies; research has been conducted via ambulatory physiological monitoring [26] , palmtop computers [14] , telephone calls or "hotlines" [27] , and even instrumented pill bottles [28] , to name just a few. Electronic methods have largely replaced paper-based diaries; primarily because it is difficult to assess whether participants have completed them in real time or retrospectively. Indeed, a landmark study by Stone et al. [29] , called into doubt the reliability of paperbased diaries by using a paper-based diary that, without the participants' knowledge, date-and time-stamped their entries. The results showed that despite a 90 % reported compliance with the protocol, actual compliance was only 11 %. In contrast, a parallel group using electronic diaries achieved 94 % actual compliance. The authors concluded that paper diary participants had faked compliance by "hoarding" and completing their diary entries retrospectively, rather than at the required time. In contrast, electronic diaries, that record when (and sometimes where) diary entries are completed, are far more reliable. Furthermore, electronic diaries are also a boon to the researcher because the data is created in an electronic format, without the need to transcribe participants' diary records.
The evolution of handheld technologies, and in particular, the near-global availability of smartphones, has contributed to the growing popularity and utility of EMA methods. EMA studies conducted using smartphones are generally equipped with study-specific software, or study-specific apps, and a range of off-the-shelf packages are also available [see 30 ]. An advantage of using apps that participants can download onto their own devices is that the study does not need to meet the hardware and logistical costs of supplying participants with devices that they must remember to carry (and keep charged) in addition to their own. The costs incurred in providing study-specific devices can be significant, and in our experience about up to 20 % will be lost or damaged [13] . A potential disadvantage of relying on participants' own devices is that not all participants have appropriate devices, potentially limiting participants or biasing samples, for example, by excluding older or poorer people. Participants may also be distracted by calls to their phone or other phone applications and forget to record incidents or complete surveys. Finally, compatibility issues with different operating platforms and privacy concerns about downloading information from participants' devices can mean that supplying study-specific devices is more cost effective.
Another change associated with the increasing availability of handheld technologies that is particularly advantageous to the researcher, is in the variety of data that is now possible to collect. Participants can use smartphones to take photographs, record videos, or make audio recordings, in addition to traditional self-report information such as diaries, surveys, and event logs. Dunton and colleagues [31] have combined EMA with objective assessments of physical activity making use of the built-in motion sensor in smart phones-a data collection strategy they call context-sensitive momentary assessment (CS-EMA). This is superior to previous research about people's day-to-day physical activity which has relied upon retrospective recall and/or activity monitors, which are not equipped to gather behavioral and contextual details, such as the type of sedentary or physical activity that was being performed, or to link the activities with mood, behaviors, and context. Thus, CS-EMA makes use of other mobile technologies to attain an even greater variety of data from participants' day-to-day lives. Apart from physical activity, other physiological responses, such as blood-glucose readings from diabetic patients, heart rate, or sleep may feasibly be recorded.
In a similar manner, EMA methods may be used concurrently with global positioning systems (GPS) to gather geolocation data. This enables researchers to obtain accurate information about individual participant's movements, which, when combined with diary and survey information, provides a rich dataset to understand place-based questions. Kirchner et al. [32•] , for instance, used GPS technology to record the geographical movements of participants who were attempting to quit smoking. The GPS records allowed the authors to determine when and how often participants encountered places where tobacco was sold. This data was compared with self-reported craving levels and smoking status to assess whether there was a relationship between the number of times tobacco outlets were encountered and smoking lapses.
These examples demonstrate the enormous potential of EMA methodologies for the study of smoking and other health-related behaviors. Study designs that combine EMA methods with other mobile technologies have the potential to provide insight into all manner of environmental or social phenomena and their influence on smoking behavior.
Design Considerations
While EMA will prove a suitable method to assess many phenomena, it has some limitations and is not suited to all research questions. The following section will review some of the more important considerations researchers must make when designing EMA protocols.
Assessment protocols
Assessments need to reflect an underlying theory of change; however, very often, little is known about how fast or slowly changes in one variable (e.g., social cognitions) may influence changes in health behaviors. Therefore, it is difficult to determine ideal points of measurement in the planning phase of an EMA study. For example, assessments that are too frequent may easily become a burden to participants while not necessarily delivering useful information to the researcher [33] . Another challenge may be using EMA to assess behaviors and phenomena that are infrequent or rare. Nevertheless, there are studies that successfully sampled infrequent events such as cigarette consumption in non-daily smokers [34] . In order to obtain enough power when assessing such infrequent events, longer study duration may be warranted. Additionally, high diligence is required in training participants to be able to identify and log all of these events so that none of them are missed. Another challenge of EMA research arises from the fact that due to the high frequency of assessments, each single assessment has to be rather brief. This raises concerns regarding the psychometric properties of the items used. To date, there is a dearth of research testing the reliability and validity of the commonly very short measures used in EMA research. Apart from these measurement issues, participants with limited literacy and/or information technology skills or poor motor coordination may also struggle to use EMA technologies, although emerging voice-activated applications may overcome these problems in the future. The nature of the research subject is also an important consideration. Some participants may find it difficult to comply with EMA, if for example they are typically disorganized, lead chaotic lives, are generally non-compliant, or do not follow instructions.
Compliance
An effective EMA design must balance the data requirements of researchers with the needs of the participants. Phenomena or target episodes will ideally be sampled prior to, during, and post episode. However, if the sampling density is too high, or the information that must be provided at each sample is too much, participants may become irritated and/or reluctant to comply with the EMA protocol [35] . Participant compliance may be a significant challenge for researchers, with the potential of rendering their data invalid [36, 37] . Failure to document events or complete EMA surveys may also arise from forgetfulness rather than resistance to the study, particularly in the case of target events that are frequent or not particularly important to the participant [38] .
While compliance issues are not unique to EMA studies, care must be taken to design EMA protocols that enhance compliance through good design and by motivating participants to comply. Indeed, participant motivation and rapport is a crucial element. Researchers should take into account the resources required to maintain relationships and encourage compliance throughout the planned study. For instance, Crayen et al. [39] provided participants with varying amounts of money dependent on their performance. The effects of noncompliance upon the validity of the data will depend on several factors, including the degree of non-compliance and whether non-compliance is biased in a particular direction. For example, if smokers tend to underreport cigarettes smoked when they were in a bad mood, then data collected would not accurately represent the relationship between smoking and mood and subsequent conclusions might not be valid.
Another challenge for EMA research is the increased costs of data management, analysis, and technology over traditional assessment methods. Technological developments such as the decreasing cost of smartphones and the use of EMA apps that can be downloaded onto participants' own phones will render EMA research more cost effective in the future. Information is recorded electronically, avoiding data transcription and conversion costs. But one of the possible disadvantages of EMA is that such studies produce a huge amount of data that may prove difficult to manage and process to a stage where it can be analyzed. Detecting errors, cleaning and standardizing data, and preparing it for transfer to statistical packages may prove more complex and time intensive than expected. 
Conclusions
Ecological momentary assessment enables researchers to obtain real-time information about individuals in their lived environment. EMA has provided researchers with tools that enable them to observe participants' lives as they are lived, rather than in laboratory settings. Using EMA, participants can record information about events, situations, thoughts, feelings, and behaviors as they occur. Both in isolation and in concert with other technologies such as geospatial software, symptom monitors, and video, researchers can use EMA methods to gather rich data about individuals' daily lives. Self-reported data provided via EMA overcomes some of the recall problems attendant with data that is recorded retrospectively. It also enables participants to record events as they unfold over time, providing researchers with the opportunity to obtain a high degree of temporal resolution about the natural history of the phenomena under investigation. As such, we can learn more about the dynamic relationships between individuals and their changing contexts and environments.
EMA has proven to be a highly versatile research methodology and is applicable to the study of many health behaviors. It has shown particular utility in the area of dependence and addiction research. However, despite its many strengths, EMA is not an appropriate tool for all research topics. The key criterion for deciding to use EMA methods is whether or not the target phenomenon is rarely occurring or particularly stable over time; EMA is not appropriate for the study of phenomena that occur infrequently or show little variability. EMA methods may also present challenges to participants who have poor literacy or information technology skills, or who are unable to follow instructions, although EMA has been used successfully with such populations.
Despite these limitations, there is still a substantial scope to apply EMA to the study of smoking behaviors. Their application will continue to shed light on the processes that underpin smoking-relevant experiences and behaviors; insights that may lead to improvements in interventions aiming at shaping and encouraging smoking cessation and preventing uptake. New methods that take advantage of developments in portable information technologies suggest that EMA will broaden its applicability and usefulness to study people's behaviors and experiences and improve our understanding of smoking behavior.
